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Abstract
Context. G326.3−1.8 (also known as MSH 15−56) has been detected in radio as a middle-aged composite supernova remnant (SNR)
consisting of an SNR shell and a pulsar wind nebula (PWN), which has been crushed by the SNR’s reverse shock. Previous γ-ray
studies of SNR G326.3−1.8 revealed bright and extended emission with uncertain origin. Understanding the nature of the γ-ray
emission allows probing the population of high-energy particles (leptons or hadrons) but can be challenging for sources of small
angular extent.
Aims. With the recent Fermi Large Area Telescope data release Pass 8 providing increased acceptance and angular resolution, we
investigate the morphology of this SNR to disentangle the PWN from the SNR contribution. In particular, we take advantage of the
new possibility to filter events based on their angular reconstruction quality.
Methods. We perform a morphological and spectral analysis from 300 MeV to 300 GeV. We use the reconstructed events with the
best angular resolution (PSF3 event type) to separately investigate the PWN and the SNR emissions, which is crucial to accurately
determine the spectral properties of G326.3−1.8 and understand its nature.
Results. The centroid of the γ-ray emission evolves with energy and is spatially coincident with the radio PWN at high energies (E
> 3 GeV). The morphological analysis reveals that a model considering two contributions from the SNR and the PWN reproduces
the γ-ray data better than a single-component model. The associated spectral analysis using power laws shows two distinct spectral
features, a softer spectrum for the remnant (Γ = 2.17 ± 0.06) and a harder spectrum for the PWN (Γ = 1.79 ± 0.12), consistent with
hadronic and leptonic origin for the SNR and the PWN respectively. Focusing on the SNR spectrum, we use one-zone models to
derive some physical properties and, in particular, we find that the emission is best explained with a hadronic scenario in which the
large target density is provided by radiative shocks in H i clouds struck by the SNR.
Key words. astroparticle physics – ISM: cosmic rays – ISM: supernova remnants – gamma rays: ISM
1. Introduction
Supernova remnants (SNRs) and pulsar wind nebulae (PWNe)
have long been considered potential sources of Galactic cosmic
rays and have therefore been investigated over a wide range of
energies. In SNRs, the fast shock wave propagating into the in-
terstellar medium (ISM) or the circumstellar medium is thought
to accelerate particles (electrons and protons), which gain energy
through first order Fermi acceleration (Bell 1978) also known as
the Diffusive Shock Acceleration mechanism (DSA). In core-
collapse SNRs, a very fast rotating and highly magnetized pul-
sar can give rise to a PWN, in which electrons and positrons
from the pulsar wind are re-accelerated to relativistic energies
at a termination shock. These Galactic accelerators have mostly
been studied independently while in case of core-collapse SNRs,
the SNR, the PWN and the pulsar are part of the same object.
However, for systems with angular sizes smaller or comparable
to the instrument point-spread function (PSF), it can be difficult
to assess the origin of the emission, in particular at γ-ray energies
where the angular resolution is comparatively much larger than
in the radio and X-ray ranges. Although it can be challenging to
understand their origin, these γ rays allow probing the popula-
tion of high-energy particles, such as accelerated electrons inter-
acting with the Cosmic Microwave Background (CMB) or other
target photons by Inverse Compton (IC) scattering, and also ac-
celerated protons interacting with gas that produce neutral pions
which decay into γ rays. Morphological studies complementing
purely spectral analyses have the potential to help identify multi-
ple particle acceleration regions in one object such as interaction
regions with surrounding clouds or the different emissions com-
ing from the SNR and/or the PWN in composite objects.
With an SNR shell and a PWN seen at radio wavelengths,
the Galactic SNR G326.3−1.8 is a prototype of the so-called
composite SNRs (Mills et al. 1961; Milne et al. 1979). Its dis-
tance is estimated between 3.1 kpc (Goss et al. 1972) and 4.1
kpc (Rosado et al. 1996) as established by the H i absorption
profile and Hα velocity measurements respectively. Temim et al.
(2013) estimated this SNR to be 16,500 years old with a shock
velocity of 500 km s−1, expanding in an ISM density of n0 =
0.1 cm−3. Figure 1, obtained from radio observations (Whiteoak
& Green 1996), shows a symmetric SNR shell with 0.3◦ radius
and a PWN trailing the putative pulsar and likely crushed by
the remnant’s reverse shock. Non-thermal radio emission has
been reported with a spectral index of α = 0.34 for the shell
and α = 0.18 for the nebula where S ν ∝ ν−α (Dickel et al. 2000).
Optical Hα filaments were observed in the southwest and north-
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Figure 1. 843 MHz MOST radio image of SNR G326.3−1.8
(Whiteoak & Green 1996). The position of the pulsar candidate is
represented by a white diamond. The positional uncertainty is much
smaller than the marker size.
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Figure 2. Counts map from 300 MeV to 300 GeV of a 10◦ × 10◦
region centered on the position of the SNR (dashed circle) and using
the PSF3 events. The pixel size is 0.05◦.
east parts of the remnant, and appear to spatially correlate with
the shell (van den Bergh 1979; Dennefeld 1980) indicating the
presence of neutral material at the shock front. The PWN com-
ponent is highly polarized with a luminosity of L(107 −1011 Hz)
∼ 5 × 1034 erg s−1 (Dickel et al. 2000). The associated pulsar
has not been detected but Chandra maps have revealed a point
source embedded in the X-ray PWN located in the southwest of
the radio nebula (Temim et al. 2013). SNR G326.3−1.8 was also
detected in X-rays by ROSAT (Kassim et al. 1993) and ASCA
(Plucinsky 1998) showing a complete shell that spatially corre-
lates with the radio SNR while the width of the PWN in X-rays
shrinks near the compact object. At higher energies, previous γ-
ray studies have revealed emission with uncertain origin (Temim
et al. 2013) and SNR G326.3−1.8 has only recently been found
to be extended with the Fermi-LAT data (Acero et al. 2016b).
The latest Large Area Telescope data release Pass 8 (Atwood
et al. 2013) allows not only a claim of significant extension of the
γ-ray emission, but also a study of the PWN and SNR contri-
butions separately. This distinction might be crucial for under-
standing the underlying emission mechanisms and potentially
distinguishing between hadronic and leptonic nature of the con-
stituents. In this paper, we briefly describe the latest data re-
lease Pass 8 before presenting a morphological study of SNR
G326.3−1.8. In particular, we investigate its energy-dependent
morphology and model the emission with different templates.
We also report a spectral analysis of our best models using two
spatial components for the γ-ray emission and derive physical
properties using one-zone models for the SNR spectrum.
2. Fermi-LAT and Pass 8 description
The Large Area Telescope (LAT) on board the Fermi satellite
is a pair-conversion instrument sensitive to γ rays in the energy
range from 30 MeV to more than 300 GeV.
Since the launch in August 2008, the Fermi-LAT event recon-
struction algorithm has been progressively upgraded to make use
of the increasing understanding of the instrument performance as
well as the environment in which it operates. Following Pass 7,
released in August 2011, Pass 8 is the latest version of the Fermi-
LAT data release (Atwood et al. 2013). The enhanced recon-
struction and classification algorithms result in improvements of
the effective area, the PSF and the energy resolution. One major
advance with respect to previous releases is the classification of
detected photon events according to their reconstruction quality.
The data set is hence divided into types of events with different
energy or angular reconstruction qualities. The PSF selection di-
vides the data into four parts: from PSF0 to PSF3, the latter being
the quartile with the best angular resolution (68% containment
radius of 0.4◦ at 1 GeV compared to 0.8◦ without selection). This
type of event selection, combined with the large amount of data
collected by the LAT since its launch, makes Pass 8 γ rays a
powerful tool to identify and study extended γ-ray sources.
3. Data analysis
We perform a binned analysis using 6.5 years of data collected
from August 4, 2008 to January 31, 2015, within a 10◦ × 10◦
region around the position of SNR G326.3−1.8. Since the ob-
ject remains significant with 25% of the data (more than 24σ
between 300 MeV and 300 GeV), we take advantage of the new
PSF3 selection to limit contamination between the PWN and the
SNR components as well as that from the Galactic plane. We
select events between 300 MeV and 300 GeV, with a maximum
zenith angle of 100◦ to reduce the contamination of the bright
Earth limb. Time intervals during which the rocking angle of
the satellite was more than 52◦ are excluded as well as those
during which it passed through the South Atlantic Anomaly.
We set the pixel size to 0.05◦ and divide the whole energy
range (300 MeV – 300 GeV) into 30 bins. We use version 10
of the Science Tools (v10r0p5) and the P8R2_V6 Instrument
Response Functions (IRFs) with the SOURCE event class for the
following analysis1. The resulting count map of the 10◦ × 10◦
region centered on the position of the SNR is shown in Figure 2.
The γ-ray data around the source are modeled starting
with the Fermi-LAT 3FGL source catalog (Acero et al. 2015),
complemented by the extended source FGES J1553.8−53252
(Ackermann et al. 2017). We first fit the point sources and
1 The Science Tools package and related documenta-
tion are distributed by the Fermi Science Support Center at
https://fermi.gsfc.nasa.gov/ssc
2 From the Fermi Galactic Extended Source catalog
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Figure 3. Residual TS map from 300 MeV to 300 GeV of a 10◦ ×
10◦ region centered on the SNR and using the PSF3 events. The pixel
size is 0.25◦ and the radio contours of the SNR are overlaid in white.
The white circle is an FGES extended source. The white crosses are the
3FGL point sources and the red crosses are the sources added to the
model.
extended sources within a 10◦ radius (additionally accounting
for the most significant sources between 10◦ and 15◦) simul-
taneously with the Galactic and isotropic diffuse emissions de-
scribed by the files gll_iem_v06.fits (Acero et al. 2016a)
and iso_P8R2_SOURCE_V6_v06_PSF3.txt respectively 3. We
then compute a residual test statistic (TS) map to search for ad-
ditional sources.
The TS is defined to test the likelihood of one hypothesis L1
(including a source) against the null hypothesis L0 (absence of
source), such that:
TS = 2 × (logL1 − logL0) (1)
This can be directly interpreted in terms of significance of hy-
pothesis 1 with respect to the null hypothesis 0 in which the TS
follows a χ2-law with n degrees of freedom for n additional pa-
rameters. To evaluate the significance of putative new sources,
we compute a two-dimensional residual TS map that tests the
hypothesis of a point source with a generic E−2 spectrum against
the null hypothesis at each point in the sky. The positions where
the TS values exceed 25 (corresponding to a significance of more
than 4σ) are used as seeds to identify γ-ray sources in addition
to the 3FGL. In that way, we iteratively add eleven sources in
the 10◦ × 10◦ region and we fix their spectral parameters to
their best-fit values found with gtlike. Figure 3 shows the final
residual TS map including all the sources. Note that the appar-
ent diffuse residual emission (for which TSmax ≈ 17) disappears
above 500 MeV.
3.1. Morphological analysis
3.1.1. Extension
The 3FGL catalog compiled by the Fermi-LAT collaboration
(Acero et al. 2015) has two point-like sources tentatively as-
sociated with the SNR, which we remove for our analysis.
Since the creation of the first SNR catalog (Acero et al. 2016b),
3 Available at https://fermi.gsfc.nasa.gov/ssc/data/
access/lat/BackgroundModels.html
G326.3−1.8 has been known to show extended γ-ray emission,
and its radius has been determined to be 0.21◦ using an extended
uniform disk model, somewhat smaller than the 0.31◦ radius of
the radio shell but larger than the radio PWN. However, that
analysis was based on only three years of data and made use
of the former Pass 7 data release.
With the latest Pass 8 data and using the PSF3 event type,
we revisit the morphology of this SNR to understand the nature
of the γ-ray emission. We start by finding the best position of a
point source, modeling its emission as a power law and using the
pointlike framework (Kerr 2010) from 300 MeV to 300 GeV.
Then, we investigate the extension of the γ-ray emission using
a 2D-symmetric Gaussian and a disk with a uniform brightness.
Table 1 shows the respective best-fit position and extension – if
extended – for the different spatial models. The significance of a
source extension is expressed in terms of the test statistic TSext,
where the hypothesis of the best-fit extended spatial model is
tested against the null hypothesis of the best-fit point-like source.
Given that in both hypotheses the localization of the source is op-
timized, the extended source model adds one degree of freedom
– the source size – with respect to the point-source model. Thus,
the significance can be directly interpreted as the square root√
TSext. As reported in Table 1, the γ-ray emission is extended
with more than 13σ confidence level and the uniform disk ra-
dius is found to be r = 0.266◦ ± 0.012◦. Figure 4 (left) shows the
best-fit position and extension (68% containment radius r68) for
the disk and the Gaussian, plotted on the radio image, with the
associated uncertainties. The centroid of each extended model
is slightly shifted toward the radio PWN but is not coincident
with its position. No significant residual emission appears in the
residual TS map (not shown here) including either the disk or
the Gaussian in the model.
3.1.2. Energy-dependent morphology
Although the γ-ray emission can be adequately described with
a one-component model, either a disk or a 2D-symmetric
Gaussian, this stands in slight tension to the discovery of a hard
point-like γ-ray source above 50 GeV (Ackermann et al. 2016)
at the location of the PWN, clearly displaced from the center of
the SNR shell. To investigate the morphology in more detail, we
divide the data into five logarithmically spaced energy bins from
300 MeV to 300 GeV that we subsequently fit individually with
pointlike using a 2D-symmetric Gaussian. Because the PSF
width depends strongly on energy up to ∼ 10 GeV, and our en-
ergy bins are quite broad (half a decade), we need to adopt a spe-
cific spectral model for the source. We describe it with a power
law with free spectral index. The normalizations of the source,
the Galactic and isotropic diffuse emissions are let free while the
spectral parameters of the other sources are fixed to their best-fit
values. Figure 4 (right) depicts the results of the fitting proce-
dure in the individual energy bands. At low energies (300 MeV
– 1 GeV), the PSF (r68 ∼ 0.4◦ at 1 GeV) is larger than the SNR
radius. An extended source of the SNR size is compatible with
the data but is not significantly better than a point source. The as-
sociated best-fit position lies outside the radio PWN. Between 1
and 3 GeV, the significance of the extension is more than 5σ (the
values are reported in Figure 5) and the position of the Gaussian
appears to be fairly consistent with the center of the radio SNR.
At higher energies (from 3 to 30 GeV), the γ-ray morphology is
still significantly extended (more than 5σ) and the centroid of the
best-fit Gaussian gets closer to the radio PWN. Above 30 GeV,
the γ-ray emission is not significantly extended and the best-fit
position lies inside the radio PWN.
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Spatial model RAJ2000 (◦) DecJ2000 (◦) r or σ (◦) r68 (◦) TS TSext
Point source 238.167 ± 0.009 −56.181 ± 0.008 — — 689.5 —
Disk 238.170 ± 0.012 −56.152 ± 0.012 0.266 ± 0.012 0.218 ± 0.010 866.5 177.0
Gaussian 238.157 ± 0.013 −56.166 ± 0.012 0.134 ± 0.009 0.202 ± 0.014 863.4 173.9
Table 1. Best-fit positions and sizes (radius or sigma) with the associated statistical errors using different spatial models. r68 corresponds to the
68% containment radius of each extended model. The TS and TSext values are also given.
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Figure 4. (Left) Best-fit extended source from 300 MeV to 300 GeV for a uniform disk hypothesis (green) and a 2D-symmetric Gaussian (red),
plotted on the MOST radio image. The crosses are the centroid uncertainties (1σ), the solid circles correspond to the r68 of the uniform disk and
the Gaussian template and the shaded areas are the 1-σ error on size. The putative position of the pulsar is represented by a diamond. (Right)
Best-fit Gaussian or point source in five energy bands. The crosses are the centroid and the position uncertainties (1σ). If the source is significantly
extended (see Figure 5), the r68 of the Gaussian is depicted by a solid circle with the associated errors (shaded areas), otherwise the best-fit point
source is represented.
3.1.3. Building a more detailed model
This energy-dependent source morphology clearly requires a
more detailed investigation beyond a one-component modeling.
Since the PSF below 1 GeV is not small enough to resolve the
SNR, the following morphological analysis uses data between 1
and 300 GeV.
Electrons and positrons, accelerated in the PWN, that radiate
by synchrotron emission are expected to also radiate in the GeV
band by IC scattering on photon fields. Since this SNR is rela-
tively young, particles are well-confined inside the PWN. Temim
et al. (2013) estimate the magnetic field to be BPWN ≈ 34 µG
when the SNR has already begun significantly compressing the
PWN at an age of 19,000 years. The emission seen in the radio
band should track the older accelerated electrons and we expect
that the extension of the γ-ray emission should not be larger than
the radio emission. We thus model the γ-ray emission from the
PWN using its radio template (see Figure 6, left panel), know-
ing that the magnetic field spatial distribution inside the PWN
should only moderately impact our model given the small size
of the PWN compared to the Fermi-LAT PSF.
Since the best-fit position of the γ-ray emission is consistent
with that of the PWN at high energies, we first assume that the γ-
ray emission comes only from the PWN. We model its spectrum
as a power law and we perform a likelihood fit where the spectral
parameters of the PWN, those of the nearest point source, the
Galactic and isotropic diffuse emissions are free during the fit.
The spectral parameters of the other sources are fixed to their
best-fit values since they are further than ∼ 2◦ from G326.3−1.8.
The fit gives a TS value of TS = 593.4, as reported in Table 2,
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Figure 5. Test statistic of the source (black bars) and of extension (col-
ored bars) for the best-fit Gaussian in individual energy bands.
with the number of additional free parameters compared to the
model without source.
Figure 7 (left) depicts the 1◦ × 1◦ residual TS map from 1
to 300 GeV obtained by fixing the spectral parameters of the
radio PWN and the nearest point source to their best-fit values.
The TS map tests a putative point source. It shows qualitatively
where there is missing signal, and extended emission can only be
more significant than the peak of the TS map. The maximum TS
value of the map is TS ≈ 60 indicating that this residual emission
is clearly significant. The radio template of the PWN is thus not
sufficient to describe the data. This confirms our previous results
in the Section 3.1.2, that show that the emission below 3 GeV
lies outside of the radio contours of the PWN.
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Figure 6. Templates used in this analysis: (left) the radio PWN, (center) the radio SNR with the PWN contribution removed and filled with the
average value around it (blue disk), (right) the SNR mask derived from the SNR radio template and filled homogeneously. The radio PWN (left)
does not have the same scale as the two other templates.
Figure 7. Residual 1◦ × 1◦ TS maps from 1 GeV to 300 GeV when we use only the radio PWN (left) or the SNR mask (right) to describe the
γ-ray emission (note that the TS bars do not have the same scale). The pixel size is 0.05◦ and the radio contours of the whole SNR are overlaid in
white.
Spatial models TS Ndof TSPWN
Radio PWN 593.4 2 —
Point source 503.3 4 —
Point source + radio PWN 661.4 6 158.1
Disk 681.8 5 —
Disk + radio PWN 694.8 7 13.0
Radio SNR 667.3 2 —
Radio SNR + radio PWN 683.0 4 15.7
SNR mask 670.3 2 —
SNR mask + radio PWN 696.4 4 26.1
Table 2. TS values for different spatial models fitted from 1 GeV to 300
GeV. The corresponding number of degrees of freedom is also given
(Ndof). TSPWN quantifies the improvement of the fit when adding the
PWN component to each of the one-component models.
To model the contribution of an additional component that
seems to give rise to the low-energy part, we test several tem-
plates using first a simple disk component and then physically
motivated templates (derived from the radio map of the SNR).
We first use the pointlike framework to find the best posi-
tion and extension of an additional source, described by a disk,
when the PWN is already included in the model. The fit localizes
the position near the center of the SNR at RAJ2000 = 238.169◦
± 0.013◦ and DecJ2000 = −56.133◦ ± 0.014◦ with a radius r
= 0.295◦ ± 0.013◦, similar to the radio extension of the SNR
(0.31◦). The significance of the extension is 5.8σ (TSext= 33.4),
calculated with the TS value of the model including the point
source and the radio PWN (reported in Table 2). This rules out
the hypothesis of a point-like source being responsible for the
additional emission such as an active galactic nucleus behind the
SNR.
We further use the radio observations to derive two other
templates for the SNR. First, we use the radio map replacing
the contribution of the nebula by the average value of the radio
emission around it (labeled “radio SNR”; see Figure 6, center).
From that, we also create another template, following the radio
shock and filled homogeneously (called here “SNR mask”; see
Figure 6, right).
For all components, the γ-ray emission is described by a
power law and the free spectral parameters are those of the com-
ponents, the nearest point source, and those of the Galactic and
isotropic diffuse emissions. The results from our maximum like-
lihood fit are given in Table 2 with the numbers of free parame-
ters associated to the models (spectral and/or spatial).
First, the TS values obtained using the one-component models
(disk, radio SNR or SNR mask) alone are clearly higher than
that obtained using only the radio PWN, indicating that the fit
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Values from the fit Disk only radio PWN Disk radio PWN SNR mask
Φ (ph cm−2 s−1) × 10−8 2.70 ± 0.15 0.23 ± 0.11 2.43 ± 0.23 0.33 ± 0.11 2.31 ± 0.23
Γ 2.07 ± 0.04 1.74 ± 0.15 2.16 ± 0.06 1.79 ± 0.12 2.17 ± 0.06
Table 3. Results from our maximum likelihood fit between 300 MeV and 300 GeV with the associated statistical errors. Φ is the integrated flux
and Γ is the spectral photon index.
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Figure 8. SED (data points) and TS values (shaded areas) in individual energy bands using the uniform disk model (left) and using the SNR
mask and the radio PWN model (right). The colored bars are the statistical uncertainties while the black bars correspond to the quadratic sums of
statistical and systematic errors (the difference is only visible in the first energy band). The systematic errors are calculated using eight alternative
Galactic diffuse emission models.
prefers a model more extended than the radio PWN. For com-
parison, Figure 7 (right) depicts the residual TS map when only
the SNR mask is included to the model, showing a residual
emission coincident with the position of the PWN. In terms of
test statistic, when adding a second component, the model with
one component becomes the null hypothesis to test the signifi-
cance of the second component. In Table 2, we compare the TS
values obtained with each of the one-component models to the
two-component models testing the improvement of the fit when
adding the radio template of the PWN. The difference TSPWN
can be converted to a significance since in the null hypothesis
(no PWN emission) it behaves as a χ2-law with two degrees of
freedom.
For all our extended models, the significance of adding the
PWN lies between 3 and 4σ and the maximum TS values are
obtained for the model including the radio PWN with either the
disk or the SNR mask. In terms of significance, our best model
involves the radio PWN and the SNR mask since it requires
fewer free parameters during the fit than the disk whose spa-
tial components have been optimized. The lower TS value using
the two radio templates (for the SNR and the PWN) indicates
that the γ-ray emission does not entirely follow the synchrotron
distribution and the fit prefers a more homogeneous structure for
the shell, keeping in mind that this conclusion depends on the
model we choose for the PWN.
3.2. Spectral analysis
To understand the underlying emission processes, we perform
a spectral analysis from 300 MeV to 300 GeV using our best
models found in the previous section: the disk alone and the ra-
dio PWN with either the SNR mask or the disk. Here the γ-ray
emissions are still described with power laws since other spectral
representations did not improve the fit. We do not take into ac-
count the energy dispersion (this induces a bias∼ − 5% on flux4).
Using gtlike, we perform a maximum likelihood fit leaving the
same spectral parameters free as before. Table 3 reports the re-
sults obtained from the fit.
When we use the disk alone to describe the γ-ray emission,
the photon index is found to be close to 2. Using differentiated
models for the PWN and the SNR, the fit leads to a spectral
separation between the two components: a softer spectrum for
the remnant (Γ ≈ 2.16 using the disk and Γ ≈ 2.17 using the
SNR mask) and a harder spectrum for the nebula (Γ ≈ 1.74 and
Γ ≈ 1.79). The choice of the model for the remnant (either the
disk or the SNR mask) has a very slight impact on the spectral
study.
To compute the spectral energy distribution (SED), we di-
vide the whole energy range (300 MeV – 300 GeV) into six bins
and impose a TS threshold of 1 per energy bin for the flux cal-
culation; otherwise an upper limit is calculated. In each bin, the
photon indexes of the sources of interest are fixed to 2 to avoid
any dependence on the spectral models. The fluxes of the PWN
and the SNR components are let free during the fit as well as
those of the Galactic and isotropic diffuse emissions. All other
sources are fixed to their best global model.
Figure 8 shows the SED of the uniform disk (left) and the
SED of the best-fit two-component model (right) using the ra-
dio PWN and the SNR mask. The colored error bars represent
the statistical errors while the quadratic sums of the statistical
and systematic errors (calculated using eight alternative Galactic
diffuse emission models as explained in the first Fermi-LAT su-
pernova remnant catalog, Acero et al. 2016b) are represented
with black horizontal bars. The systematic errors are never dom-
inant and are comparable to the statistical ones only in the first
band. Note that the effective area uncertainty also induces sys-
tematic errors (10% between 100 MeV and 100 GeV). These
4 See https://fermi.gsfc.nasa.gov/ssc/data/analysis/
documentation/Pass8_edisp_usage.html
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SEDs clearly emphasize that two distinct morphologies give rise
to two distinct spectral signatures, while the different emissions
seem to be mixed when we use a single component model. The
TS values in each energy bin highlight the different contribu-
tions of the two components: at low energy (E < 10 GeV), the
emission is dominated by the SNR while the contribution of the
PWN becomes important above 10 GeV, bringing out the spatial
and spectral distinctions between these two nested objects.
4. Results and discussion
For this entire section we assume the distance to the SNR is 4.1
kpc (Temim et al. 2013).
4.1. SNR spectrum
To understand the observed γ-ray spectrum of the SNR, we
perform multi-wavelength modeling using the one-zone models
provided by the naima package (Zabalza 2015). From Dickel
et al. (2000) we take the five radio flux measurements of the
shell. As there is no associated synchrotron emission in the X-
ray domain, we use the ROSAT thermal flux reported by Kassim
et al. (1993) as an upper limit. We also use the TeV upper limit
derived from H.E.S.S. with 14 hours of observational live time
and assuming a photon index of 2.3 (H. E. S. S. Collaboration
et al. 2018).
Assuming the Sedov phase, we derive the kinetic energy re-
leased by the supernova:
ESN
1051 erg
= R512.5 ×
( n0
cm−3
)
× t−24 = 0.5 (2)
where R12.5 = R/(12.5 pc) and t4 = t/(10,000 yrs) taking R = 21
pc, t = 16,500 yrs and n0 = 0.1 cm−3 for a distance of 4.1 kpc.
We take the inputs from Temim et al. (2013) but do not derive
the same explosion energy. Here we use the common values of
ξ = 2.026 (for γ = 5/3) and ρ0 = 1.4mHn0 in the usual Sedov
equation: R5 = ξ (ESN/ρ0) t2.
The explosion energy and age depend on the distance, which
is still uncertain. In addition, the density and temperature (the
latter provides the shock speed estimate) were derived from a
small region in the south of the SNR and it is not yet clear
whether this region is representative of the rest of the SNR. (A
Large Program with XMM-Newton on G326.3−1.8 is currently
ongoing and will provide more constraints on the thermal emis-
sion across the SNR.) In this regard, the multi-wavelength mod-
eling presented in this section is not to be viewed as a precise
measurement of the properties of the accelerated particles but
rather as showing that a simple self-consistent model can repro-
duce the observations.
We describe the electron population as a broken power law
spectrum with spectral indexes Γe,1/Γe,2 with an exponential
cut-off. The break at energy Eb is assumed to be due to cooling
so we set Γe,2 = Γe,1 + 1 while the cut-off defines the maximum
attainable energy of the particles Emax,e. The proton spectrum
is described as a power law with spectral index Γp with an
exponential cut-off Emax,p. In our models we consider by default
the CMB as the only photon seed for IC scattering.
4.1.1. Leptonic scenario
We first investigate the leptonic scenario for which we vary the
values of the magnetic field B, the total energy budget in elec-
trons We and protons Wp, and the break and maximum energy of
the particles. Figure 9 (left) shows one of the combinations that
simultaneously fits the radio and the γ-ray data. Since this solu-
tion is not unique, we report in Table 4 the range of permitted
values of these parameters. For clarity, we fix the total energy in
protons to Wp = 5 × 1049 erg (corresponding to 10% of ESN) and
we report the range of permitted values of the electron-proton ra-
tio Ke−p. Since the maximum energy of protons is always higher
than that of electrons, which suffer synchrotron losses, we use
the maximum value of Emax,e as a lower limit for Emax,p.
To reproduce the radio spectral shape, we need a hard index
for the electrons Γe,1 = 1.8 (taking thus Γe,2 = 2.8), while we
keep Γp = 2 due to the lack of observational constraints. For a
B field between 10 and 20 µG, the γ-ray data can only be ex-
plained if the total energy in electrons reaches We = (2.5 – 7) ×
1049 erg, which is clearly unreasonable since that requires a Ke−p
between 0.5 and 1.4. If in order to reduce We, we increase B to
higher values than expected for the compressed ISM, the γ-ray
data cannot be fitted and the IC spectrum lies one order of mag-
nitude below the data. Even if infrared and optical photon fields
with energy density 0.26 eV cm−3 each (the same as the CMB
value, which is a reasonable estimate 100 pc below the Galactic
plane) are added, an unrealistically large We is still required to
fit the γ-ray data.
Another inconsistency of that model is that the values of Eb,
Emax,e and Emax,p reported in Table 4 are not consistent with the
magnetic field. Following Parizot et al. (2006), we use the syn-
chrotron loss time:
τsync = (1.25 × 103) × E−1TeVB−2100 yrs (3)
and the acceleration timescale:
tacc = 30.6 × 3r
2
16(r − 1) × k0(E) × ETeVB
−1
100u
−2
sh,3 yrs (4)
with r being the shock compression ratio, k0 the ratio between
the mean free path and the gyroradius, B100 and ush,3 the mag-
netic field and the shock velocity in units of 100 µG and 1000 km
s−1, respectively. k0 ≥ 1 can be interpreted as the ratio of the total
magnetic energy density to that in the turbulent field (B2tot/B
2
turb)
and k0 ≈ 1 has been found for young SNRs (Uchiyama et al.
2007). For evolved systems, we expect the turbulent magnetic
field to be smaller than the large-scale component (so that k0 >
1) and we adopt here k0 = 10 for the highest-energy electrons.
Taking r = 4, we thus calculate Eb (equating τsync = tage), Emax,e
(tacc = min{τsync, tage}) and Emax,p (tacc = tage). For B = 20 µG,
we obtain Eb = 1.9 TeV, Emax,e = 2.3 TeV and Emax,p = 2.7 TeV.
Figure 9 (right) shows the corresponding spectrum which im-
plies an IC cut-off at too high energy and does not fit the γ-ray
data.
One noteworthy aspect of this source concerns the difficulty
to explain its very high radio flux (114 Jy at 1 GHz, Dickel
et al. 2000). High radio fluxes are also found in middle-aged
SNRs interacting with molecular clouds, such as W44 (230 Jy
at 1 GHz, Castelletti et al. 2007) and IC 443 (160 Jy at 1 GHz,
Milne 1971), where the highly compressed gas enhances the syn-
chrotron emission.
The particularly high total energy required in electrons to re-
produce the SNR spectrum and the impossibility to fit the data
with consistent values rule out a leptonic origin of the γ-ray
emission and lead us to investigate the hadronic scenario.
4.1.2. Hadronic scenario
van den Bergh (1979) has reported Hα emission in the northeast
and southwest regions of the SNR (see Figure 10, left panel) and
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Scenario Model B (µG) Wp (erg) Ke−p Γe,1/Γe,2 Eb (TeV) Emax,e (TeV) Γp Emax,p (TeV) n0 (cm−3)
Leptonic fitted 10 5 × 1049∗ 1.4 1.8/2.8 (0.15 – 0.35) (0.4 – 1.1) 2∗ (≥ Emax,e) 0.1∗
fitted 20 5 × 1049∗ 0.5 1.8/2.8 (0.4 – 0.9) (0.9 – 1.5) 2∗ (≥ Emax,e) 0.1∗
consistent 20 5 × 1049∗ 0.5 1.8/2.8 1.9∗ 2.3∗ 2∗ 2.7∗ 0.1∗
Hadronic
main shock consistent 10 5 × 1049 0.03 2/3∗ 1.4∗ 1.4∗ 2∗ 1.4∗ 0.1∗
radiative shock consistent 13.6∗ 1.88∗
cooled regions 158∗ 1.9 × 1049 0.03 1.8/2.8 0.02∗ 0.08∗ 2∗ 0.08∗ 88.3∗
Table 4. Required physical parameters to model the radio and the γ-ray data coming from the shell in case of leptonic and hadronic scenarios.
The parentheses indicate the range of permitted values while the asterisks indicate the fixed values in our analysis. The other values (without
parentheses and asterisks) are adjusted by hand. In the two leptonic scenarios in which the break energy Eb and maximum energy Emax,e of the
electrons are fitted, they are not consistent with the magnetic field if they are due to synchrotron cooling. In all other (consistent) models, they are
calculated following Parizot et al. (2006). For the hadronic scenario, the first and the second line correspond to the properties of the main shock
(ush = 500 km s−1) and the radiative shock (ush,cl = 150 km s−1), respectively. The density and the magnetic field in the last line are those of the
downstream cooled regions.
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Figure 10. (Left) Hα emission of SNR G326.3−1.8 obtained from the Southern H-Alpha Sky Survey Atlas (Gaustad et al. 2001). The radio
contours of the whole SNR are overlaid in white. (Right) Multi-wavelength modeling in the hadronic scenario with two contributions: a main
shock (solid lines) and a radiative shock (dashed lines). The radio points are extracted from Dickel et al. (2000), the ROSAT and the H.E.S.S upper
limits come from Kassim et al. (1993) and H. E. S. S. Collaboration et al. (2018), respectively. The values of the parameters are reported in Table 4.
Dennefeld (1980) obtained a spectrum indicating an [S II]/Hα
ratio characteristic of a radiative shock. This is evidence of the
interaction of the shock with neutral material where some re-
gions of the SNR are entering the radiative phase while other
parts are freely expanding in the ISM. As a consequence, we
suggest to model the SNR spectrum with two contributions:
– a radiative shock arising from the presence of clouds in the
surroundings of the SNR
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– a main shock with a velocity of ush = 500 km s−1 and ex-
panding in an ISM density of n0 = 0.1 cm−3 (Temim et al.
2013)
Below we calculate the physical parameters associated with
the radiative component. Uchiyama et al. (2010) studied the
non-thermal emission from crushed clouds in SNRs where re-
acceleration of pre-existing cosmic rays can explain the ob-
served GeV emission powered by hadronic interactions.
Following this work, the strong shock driven into the clouds has
a velocity of:
ush,cl = k
√
n0
n0,cl
× ush (5)
where k = 1.3 is adopted as in Uchiyama et al. (2010), n0 and n0,cl
being the upstream ISM and clouds density respectively. For the
upstream magnetic field in the clouds, we have:
B0,cl = b
√
n0,cl
cm−3
µG (6)
where b = vA/(1.84 km s−1) with vA being the Alfve´n velocity,
the mean value of which is thought to be roughly equal to the
velocity dispersion observed in molecular clouds (∼ 0.5 – 5 km
s−1), implying b ∼ 0.3 – 3 (Hollenbach & McKee 1989). As in
Uchiyama et al. (2010), we assume that the magnetic pressure in
the cooled gas is equal to the shock ram pressure and we have:
B2m
8pi
= k2n0µHu2sh (7)
where µH is the mass per hydrogen nucleus and Bm the down-
stream magnetic field in the cooled regions:
Bm =
√
2
3
×
( nm
n0,cl
)
× B0,cl (8)
with nm being the downstream density in the cooled regions. In
this model, the compressed magnetic field is fixed to 158 µG
by the pressure in the SNR (Eq 7). This requires a large We in
the clouds for the synchrotron emission to be consistent with the
bright observed radio flux. We set Ke−p in the clouds to 0.03,
which is large but still reasonable, since a lower Ke−p would re-
sult in an uncomfortably large Wp. In any case, the cosmic-ray
energy in the shocked clouds must be high. Thus, fitting simul-
taneously the γ-ray data and the radio data implies that the com-
pressed density should be relatively low. From Eqs (6, 7, 8), we
have:
nm =
√
3
piµH
× B
2
m
4b × ush,cl (9)
We adopt here the highest reasonable values b = 3 and ush,cl =
150 km s−1 (above which the shock would have no time to be-
come radiative). Thus the downstream density in the cooled re-
gions is nm = 88.3 cm−3. Taking n0 = 0.1 cm−3, ush = 500 km
s−1 (Temim et al. 2013), ush,cl = 150 km s−1 and b = 3, we ob-
tain for the upstream density and magnetic field in the clouds
n0,cl = 1.88 cm−3 and B0,cl = 4.11 µG. This relatively low den-
sity is in agreement with the non-detection of CO lines close to
this SNR. The densities encountered in G326.3−1.8 (cloud and
intercloud medium) would then be very similar to the Cygnus
Loop (Raymond et al. 1988).
The electrons accelerated in the clouds will rapidly cool due
to the strong magnetic field in the dense regions for which we
derive the break energy of the particles by equating τsync = tage/2
(time since the clouds were shocked). At the shock front, the
downstream magnetic field is Bd,cl =
√
11B0,cl = 13.6 µG, as-
suming a randomly directed field, and we derive the correspond-
ing maximum energy of the particles, using k0 = 10 and ush,cl =
150 km s−1 when equating tacc = min{τsync, tage/2}. For particles
trapped in the clouds, we thus find Eb = 15.2 GeV and Emax,e =
Emax,p = 82.7 GeV.
Figure 10 (right) shows the corresponding spectrum with the
contributions from the main shock (solid lines) and the radiative
shock (dashed lines). With such high magnetic field and den-
sity in the cooled regions, the radiative shock dominates the syn-
chrotron and the γ-ray emission. Setting Ke−p = 0.03, the ob-
served spectrum can be explained with Wp = 1.9 × 1049 erg (and
thus We = 5.7 × 1047 erg), corresponding to 3.8% of ESN trans-
mitted to the re-accelerated protons in the clouds. To reproduce
the radio spectral shape, we use harder indexes for the electrons
at the radiative shock Γe,1/Γe,2 = 1.8/2.8 which is also observed
in other radiative SNRs (Ferrand & Safi-Harb 2012)5. The γ-ray
cut-off implied by Emax,p = 82.7 GeV fits the observed spectrum
well. This is however largely coincidental. k0 is unconstrained,
tacc is unknown (we do not know when the clouds were shocked).
Uchiyama et al. (2010) predict an increase of the maximum en-
ergy by a factor of ((nm/n0)/4)1/3 = 2.27 due to adiabatic com-
pression, which we did not enter into Emax,p. The damping of
Alfve´n waves due to ion-neutral collisions also implies a break
in the proton spectrum that we did not take into account because,
with B0,cl = 4.11 µG and n0,cl = 1.88 cm−3, it occurs around 100
GeV. Observationally, Emax,p must range between 30 and 100
GeV, which is in between other radiative SNRs such as W 44 or
IC 443 (respectively 22 and 239 GeV, Ackermann et al. 2013).
Since our model predicts that radiative shocks can explain
the entire spectrum, we cannot assess observational constraints
at the main shock. We take B = 10 µG, implying BISM ≈ 3 µG
(with r = 4), to stay consistent with B0,cl > BISM but BISM could
have been lower. We also use the typical 10% of ESN going into
protons but this and the value of Ke−p could also be reduced. For
the particle spectra, we keep Γe,1 = Γp = 2 and Γe,2 = 3 since we
have simple acceleration at the main shock and no observational
constraints. The corresponding break and maximum energy are
calculated following Parizot et al. (2006) with ush = 500 km s−1
and k0 = 10 as we did for the leptonic-dominated scenario. All
the values used for the plot are reported in Table 4.
The entire SNR spectrum can thus be explained by the
emission from radiative shocks. Although there is no clear
correlation between the Hα and the radio maps, this difference
can be explained by the orientation of the magnetic field:
where B is perpendicular to the shock velocity, the synchrotron
emission is largest (compression of the tangential component of
the field) whereas optical emission should be enhanced when
B is parallel since the compression is no longer limited by the
magnetic field. Quantitatively, the total energy required in the
cosmic rays at the radiative shocks is large. Assuming 20% of
the pressure in the radiative shocks is in the form of cosmic
rays (the rest is mostly magnetic), it requires a surface covering
factor close to 50% (consistent with the fact that we see little
deviation from a uniform disk). This may be tested by deep Hα
imaging.
5 Radio spectral indexes of some radiative SNRs, such as W 44 or
IC 443, can be found at http://www.physics.umanitoba.ca/snr/
SNRcat/
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4.2. PWN spectrum
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Figure 11. Comparison of the γ-ray PWN spectra where the model
derived in Temim et al. (2013) is multiplied by a factor of 0.45 to fit our
data.
We find that the largest fraction of the γ-ray emission
comes from the SNR, presumably from the hadronic process.
Nevertheless the PWN appears to contribute as well. We briefly
and qualitatively discuss the impact of the PWN flux diminu-
tion on the physical parameters derived in Temim et al. (2013)
who assumed the entire γ-ray emission originates in the PWN,
and based their analysis on the previous data release (Pass 7).
Figure 11 compares the two γ-ray spectra where the model of
Temim et al. (2013), who assumed a fully leptonic origin of the
emission, is scaled to fit our data. The current flux corresponds
to 45% of the previous one.
If we approximate We ≈
∫ tage
0 E˙dt, E˙ being the energy loss rate
of the pulsar, we obtain:
We ≈ E˙0
τ0tage
τ0 + tage
(10)
where τ0 is the initial spin-down timescale of the pulsar and E˙0
the initial spin-down power. Temim et al. (2013) derived τ0 ≈
2.1 × 104 years and E˙0 = 3 × 1038 erg s−1. We now require less
than half of We leading to E˙0 = 1.35 × 1038 erg s−1 for the same
age and initial spin-down time scale of the pulsar.
In their 1-D model, the observed SNR radius is reached at an
age of 19 kyrs for which they estimate the PWN magnetic field
to be BPWN = 34 µG. The decrease in We would thus also imply
a higher magnetic field to still stay consistent with the radio flux
of the PWN.
However, a more nuanced interpretation is required given the
complexity of this object. This will require more investigations
and detailed modeling which are beyond the scope of this pa-
per. Note also that the PWN spectrum derived in this analysis
is model-dependent when considering the assumption made for
the SNR. In any case, its flux is reduced compared to previous
studies since the SNR contributes most of the γ-ray emission.
5. Conclusions
We perform an analysis from 300 MeV to 300 GeV of the com-
posite SNR G326.3−1.8 with the Fermi-LAT Pass 8 data. We
take advantage of the new PSF3 event class by selecting the
events with the best angular reconstruction to limit mixture be-
tween the SNR and the PWN contributions and also emission
from the Galactic plane. Using the pointlike and the gtlike
frameworks, we confirm that the emission is significantly ex-
tended (more than 13σ) between 300 MeV and 300 GeV. We
perform an analysis in five energy bands which shows that the
morphology evolves with energy and the size shrinks towards
the radio PWN at high energies (E > 3 GeV). We thus inves-
tigate a more detailed morphology using the radio map of the
PWN as a starting point. We find that it is clearly not sufficient
to describe the γ-ray data and that an additional extended com-
ponent is needed. We then test different models for an additional
contribution such as a uniform disk, the radio map of the remnant
and its homogeneously filled radio template, called here the SNR
mask. Using the maximum likelihood fitting procedure starting
at 1 GeV, we find that the model with the SNR mask and the
radio PWN reproduces the γ-ray emission best.
Modeling both γ-ray emissions by a power law from 300
MeV to 300 GeV, we obtain a spectral separation between the
two components: a softer spectrum for the remnant (Γ = 2.17 ±
0.06) and a harder spectrum for the nebula (Γ = 1.79 ± 0.12).
The corresponding SEDs also highlight their different contribu-
tions: the SNR dominates the low-energy part (300 MeV – 10
GeV) while the PWN protrudes at higher energies (E > 10 GeV).
Concerning the PWN spectrum, we briefly discuss the im-
pact of the flux diminution (about 55%) compared to previous
studies that assumed that the entire γ-ray emission may come
from the PWN.
The spectral modeling of the SNR emission disproves the
leptonic scenario since it requires an unrealistic high energy bud-
get in the electrons to fit the γ-ray data (We of several 1049 erg).
As Hα emission has been reported in this SNR, we suggest a
spectral modeling where the main contribution arises from re-
gions entering the radiative phase. The high magnetic field and
density in the cooled regions lead to enhanced synchrotron and
GeV emission that dominates the entire spectrum. The best-fit
model involves a compressed magnetic field of 10 µG and 158
µG at the main and the radiative shock respectively. With 3.8%
of the kinetic energy released by the supernova going into parti-
cles at the radiative shock, we find that an electron-proton ratio
of Ke−p = 0.03 can adequately reproduce the observed spectrum.
Although this ratio is slightly higher than one would expect, this
is the most appropriate and consistent model we find that can
simultaneously explain the high radio and γ-ray emissions from
this SNR. In the future, CTA (Cherenkov Telescope Array) will
give more insight into the properties of this source, providing
better sensitivity above 30 GeV.
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